Abstract Inflammation and angiogenesis in the tumor microenvironment are increasingly implicated in tumorigenesis. Endogenously produced lipid autacoids, locally acting small-molecule mediators, play a central role in inflammation and tissue homeostasis. These lipid mediators, collectively referred to as eicosanoids, have recently been implicated in cancer. Although eicosanoids, including prostaglandins and leukotrienes, are best known as products of arachidonic acid metabolism by cyclooxygenases and lipoxygenases, arachidonic acid is also a substrate for another enzymatic pathway, the cytochrome P450 (CYP) system. This eicosanoid pathway consists of two main branches: ω-hydroxylases which converts arachidonic acid to hydroxyeicosatetraenoic acids (HETEs) and epoxygenases which converts it to four regioisomeric epoxyeicosatrienoic acids (EETs; 5,6-EET, 8,9-EET, 11,12-EET, and 14,15-EET). EETs regulate inflammation and vascular tone. The bioactive EETs are produced predominantly in the endothelium and are mainly metabolized by soluble epoxide hydrolase to less active dihydroxyeicosatrienoic acids. EET signaling was originally studied in conjunction with inflammatory and cardiovascular disease. Arachidonic acid and its metabolites have recently stimulated great interest in cancer biology. To date, most research on eicosanoids in cancer has focused on the COX and LOX pathways. In contrast, the role of cytochrome P450-derived eicosanoids, such as EETs and HETEs, in cancer has received little attention. While CYP epoxygenases are expressed in human cancers and promote human cancer metastasis, the role of EETs (the direct products of CYP epoxygenases) in cancer remains poorly characterized. In this review, the emerging role of EET signaling in angiogenesis, inflammation, and cancer is discussed.
DHET
Arachidonic acid and its metabolites have recently attracted significant attention due to increasing evidence of their role in cancer biology [1, 2] . Products of arachidonic acid metabolism, including prostaglandins, leukotrienes, lipoxins, and cytochrome P450 (CYP)-derived metabolites, are potent mediators of inflammation [3, 4] . These endogenously produced lipid autacoids are locally acting small-molecule mediators that play a central role in tissue homeostasis. These lipid mediators are collectively referred to as eicosanoids. Arachidonic acid is converted to eicosanoids by the distinct enzyme systems: cyclooxygenases (COX-1 and COX-2), lipoxygenases (5-LOX, 12-LOX, 15-LOXa, 15-LOXb), and cytochrome P450s (ω-hydroxylases and epoxygenases). These enzymes are the target of approved drugs for the treatment of pain, inflammation, asthma, and allergies [5] . The arachidonic acid pathways, including cytochrome P450-derived eicosanoids, were originally studied for their role in inflammatory and cardiovascular function rather than cancer pathways [3, [5] [6] [7] [8] .
The epoxygenases comprise a superfamily of microsomal CYP enzymes expressed in the liver, kidney, and the cardiovascular system. Epoxyeicosatrienoic acid (EETs) are generated via the conversion of arachidonic acid by CYP epoxygenases and are mainly metabolized by soluble epoxide hydrolase (sEH). EETs are lipid signaling molecules which act as autocrine and paracrine mediators of physiological processes such as proliferation, migration, and inflammation in several tissues ( Fig. 1) [8, 9] . EETs are quickly metabolized in most tissues, making studying these particular lipid mediators challenging [10] . The CYP pathway is particularly relevant in tissues that express low cyclooxygenase (COX) and lipoxygenase (LOX) activities. CYP enzymes convert arachidonic acid to hydroxyeicosatetraenoic acids (HETEs) or EETs. The role of cytochrome P450-derived eicosanoids, such as EETs, in cancer has been largely neglected [11] . The initial pioneering studies demonstrating that CYP epoxygenases can promote cancer growth and metastasis have been led by the Wang laboratory [12, 13] . Further studies by Pozzi et al. [14] [15] [16] have demonstrated that PPARα ligands downregulate CYP expoxygenases and reduce EETs, thereby inhibiting tumor angiogenesis in rodent models. EETs have been found in endothelial cells and stimulate angiogenesis [17] [18] [19] . EET biosynthesis and actions can also be directly influenced by nutrients and inflammatory processes [20] . Despite many studies characterizing the proangiogenic and anti-inflammatory signaling pathways of EETs, the signaling pathways of EETs in cancer biology remains poorly characterized [11] .
Overview of the CYP pathway
The CYP-dependent metabolism of arachidonic acid occurs in several tissues including the liver, kidney, and the cardiovascular system. The CYP enzymes relevant to arachidonic acid metabolism include two distinct pathways: the ω-hydroxylases and epoxygenases. The ω-hydroxylases of the 4A and 4F gene families of cytochrome P450 (CYP4A and CYP4F) convert arachidonic acid to autacoids such as HETEs. 20-Hydroxyeicosatetraenoic acid (20-HETE) is the principal isoform of this pathway and has shown vasoconstriction activity [21] [22] [23] . CYP epoxygenases are encoded predominantly by the CYP2C and CYP2J genes and generate EETs, which have demonstrated vasodilatory and anti-inflammatory activities [3, 24, 25] . EETs are then further metabolized, mainly by sEH, to dihydroxyeicosatrienoic acids (DHETs) that have traditionally been considered to be less active than EETs [26, 27] . The biology of both the CYP epoxygenases and ω-hydroxylases has been extensively reviewed [3, [5] [6] [7] [8] .
CYP2C enzymes are induced by hypoxia, and it is believed that endothelial cells are the major source of EETs during inflammation and angiogenesis. Thus, EETs may act in an autocrine fashion on the endothelium. EETs induce vasodilatory and anti-inflammatory effects in blood vessels, are beneficial in lowering blood pressure, and protect the myocardium and brain from ischemia [3, 28] . Targeted inhibition of the EET-metabolizing enzyme sEH raises the levels of cardioprotective EETs. Thus, sEH inhibitors are being evaluated in clinical trials for hypertension [5] .
History of the CYP eicosanoids
Based on the pioneering work of Estabrook, both Capdevila and Falck founded and characterized another pathway, microsomal cytochrome P450 arachidonic acid metabolism [29, 30] . In 1981, metabolites, separate from the prostanoids and leukotrienes, were identified by the oxidative metabolism of arachidonic acid by microsomal cytochrome P450 systems [31] [32] [33] [34] . In 1996, EETs were identified by Campbell et al. [35] as endothelium-derived substances that hyperpolarize vascular smooth muscle. Following this, Zeldin et al. [26, 36] were the first to clone and identify CYP2J2, which helped create the tools needed to further Fig. 1 Bioactive eicosanoids derived from the arachidonic acid cascade. Arachidonic acid is metabolized by three pathways-the cyclooxygenase (COX), lipoxygenase (LOX), and cytochrome P450 (CYP) pathways. Schematic overview of major mediators and their metabolites (blue), enzymes (black, boxed), biological role (green), inhibitors (red ovals), and agonists (green ovals). HETE hydroxyeicosatetraenoic acids, EETs epoxyeicosatrienoic acids, CYP cytochrome P450 enzymes. MSPPOH is a selective inhibitor of a subset of epoxygenases. HET0016 is a selective inhibitor of the ω-hydroxlase CYP4A. The sEH inhibitor (soluble epoxide hydrolase inhibitors) increases EET levels and hence acts as agonist of the EET pathway. 14,15-EEZE is a putative EET receptor antagonist. PGE 2 prostaglandin E 2 , PGI 2 prostacyclin, LTA 4 leukotriene A 4 , DHET dihydroxyeicosatrienoic acid, 20-OH PGE 2 20-hydroxy prostaglandin E 2 characterize EETs, such as CYP2J2 transgenic mice. These discoveries sparked interest in the newly developing field of CYP eicosanoids. Over the past decade, the Falck laboratory has synthesized agonists and antagonists of CYP metabolites, including EETs and 20-HETE. However, the rapid metabolism of EETs and other epoxylipids has made it difficult to study the biological relevance of these metabolites. To address this challenge, the Hammock laboratory pioneered a series of sEH inhibitors that further stabilized EETs [27, 37] . sEH inhibitors, which increase EET levels, have been evaluated in the clinic for cardiovascular diseases, such as hypertension [5] .
In this review, we survey the largely unexplored field of EETs as well as 20-HETE in tumorigenesis. We will focus on their roles in cancer as well as in angiogenesis and inflammation. These are two interdependent processes in the tumor microenvironment that play pivotal roles in tumor growth and metastasis.
CYP genes, enzymes, and current role in pharmacology
This CYP superfamily is a complex group of enzymes that consist of upwards of 102 putatively functional genes in mice and as few as 57 in humans [38, 39] . These CYP enzymes differ greatly from mouse to man, presenting challenges in the characterization of CYPs in this field [40, 41] .
The best-known function of the CYP enzymes is the detoxification of compounds such as anticancer drugs and xenobiotics in the liver. The field of directly targeting cytochrome P450 enzymes in cancer has rapidly expanded. Blocking these enzymes improves the half-life of the cytotoxic drugs-a strategy that is currently under evaluation to improve the efficacy of cancer drug delivery [38, 42, 43] . Conversely, prodrugs activated by CYP enzymes are being used to inhibit tumor growth by targeting the tumor cells and tumor-associated endothelial cells [44, 45] . Therapeutic success has already been obtained using cytochrome P450 inhibitors to treat breast cancer [46] . This has prompted investigators to determine whether cytochrome P450 inhibitors can be utilized to treat other hormonally responsive cancers including prostate cancer [44, 47, 48] .
Synthesis and degradation of EETs and HETEs
Arachidonic acid is an essential component of mammalian cell membranes and plays a critical role in the synthesis of bioactive eicosanoids [3] . Eicosanoids are generated via the oxidation of the 20-carbon chain present on arachidonic acid or other related fatty acids [5] . During processes such as inflammation, arachidonic acid is released from the cell membrane through the activation of phospholipase A 2 [3] . The epoxygenase CYP enzymes metabolizes arachidonic acid by olefin epoxidation, resulting in four regioisomeric EETs: 5,6-EET, 8,9-EET, 11,12-EET, and 14,15-EET [3] . Each regioisomer can be formed as either an R,S or S,R enantiomer as the epoxide group can attach at each of the double bonds in two separate configurations, resulting in a total of eight EETs (reviewed by Zeldin) [3] . Arachidonic acid is metabolized by the CYP ω-hydroxylases to 7-, 10-, 12-, 13, 15-, 16-, 17-, 18-, 19-, and 20-HETEs, the principal metabolite being the pro-inflammatory 20-HETE [6] .
EETs are primarily synthesized in endothelial cells which express isoforms of CYP2C and CYP2J (e.g., CYP2C8, CYP2C9, and CYP2J2) [17, 20, 24, 49, 50] . EETs are produced in other cell types as well, such as astrocytes and cardiac myocytes [18, [51] [52] [53] [54] . Additionally, monocytic leukocytes have recently been shown to express CYP2J2 and therefore may generate EETs [55] .
The synthesis of 20-HETE and 12-HETE occurs in vascular smooth muscle cells and fibroblasts, respectively, through the CYP pathways [6, 56] . 20-HETE synthesis can be controlled through a positive feedback mechanism by activating calcium/calmodulin-dependent protein kinaseinduced mitogen-activated protein kinase in smooth muscle cells [57] . This Ras/MAPK pathway then amplifies cytosolic phospholipase A 2 . This mechanism results in the release of additional arachidonic acid substrates that can then be converted to 20-HETE.
Degradation of 20-HETE occurs via multiple pathways. For example, in endothelial cells, 20-HETE can be metabolized by COX to 20-hydroxy prostaglandin G 2 and H 2 [58] . 20-HETE may also be oxidized by ω-oxidation or β-oxidation [59] . In contrast, the degradation of EETs appears to be more uniform and is exerted mainly by sEH, resulting in DHETs [26, 27] . The synthesis pathways for HETEs and EETs are complex in exhibiting multiple routes leading to the same compound. HETEs can be generated through the distinct arachidonic acid metabolic pathways, COX, LOX, and CYP 450 [60] . While EETs are mainly formed by CYP2C and CYP2J, other EET-producing CYPs such as CYP4X1, CYP3A4, and CYP2U1 have been characterized [25, [61] [62] [63] . These cytochrome P450s (CYP4X1 and CYP2U1) metabolize arachidonic acid to 8,9-and 14,15-EETs as well as 19-, and 20-HETE, respectively [62, 63] .
Targets of EETs
The molecular mechanism(s) of EETs is poorly understood, but continues to be fiercely studied. A series of agonists have been developed to help characterize the binding and metabolism of 14,15-EET [64] . Recent studies from the Campbell laboratory demonstrated the existence of a highaffinity EET surface-binding protein expressed in cell membranes [65] . While the EET receptor(s) has not yet been identified, intracellular signals by G protein pathways have been implicated [5, 64, 66] . Over 90% of circulating EETs are incorporated into the phospholipid bilayer of cell membranes, mainly as low-density lipoproteins [67] . EETs can act as long-chain fatty acids and bind to fatty acid-binding proteins and nuclear peroxisome proliferator-activated receptors (PPARγ and PPARα). These actions suggest that an intracellular mechanism occurs in these cells [66, [68] [69] [70] . In fact, all four EETs and their metabolites can stimulate PPAR/RXR heterodimer binding to a PPRE [70] [71] [72] [73] [74] .
The role of tumor microenvironment in tumorigenesis: angiogenesis and inflammation
The tumor microenvironment, including endothelial cells and inflammatory cells, plays a critical role in cancer and may be an ideal target for intervention as demonstrated by the increasing activity of anti-angiogenic and/or antiinflammatory therapy [75] [76] [77] [78] . Lipid autacoids can potentially target different cellular components of a tumor. Over the past decade, a paradigm shift has taken place in cancer research. It has become clear that cancer is not just a cellautonomous disease in which genetic alterations in cancer cells alone confer autonomous proliferation, apoptosis resistance, and invasive capabilities. Now, it is accepted that tumor growth is also a non-cell-autonomous process requiring support from the "tissue microenvironment" in the "tumor bed" [79] [80] [81] . Non-cell-autonomous contribution to tumorigenesis from the "host tissue", most clearly epitomized by tumor vasculature, is crucial for tumor expansion and progression [82] . This hypothesis, developed by Folkman in 1971, stated that tumor growth requires neovascularization and that such "tumor angiogenesis" is induced by tumor-derived soluble factors [83] . Since then, the contributions of non-cancerous cells to the growth of tumors have extended beyond endothelial cells to pericytes, inflammatory cells, immune cells, fibroblasts, myofibroblasts, and adipocytes [84] . Non-local cells, including bone marrow-derived macrophages, neutrophils, mast cells, and mesenchymal stem cells are also recruited, contributing to the invasiveness and metastatic ability of neoplastic epithelial cells [85] . Nakayama et al. [55] showed that the expression of CYP2J2 was upregulated when human monocytes differentiated into macrophages and that human monocytic cells and macrophages may metabolize arachidonic acid via CYP expoxygenases.
Both angiogenesis and inflammation are interdependent stromal processes that exert substantial influence on tumor growth and metastasis. Pro-inflammatory enzymes and cytokines act to promote tumor growth by an increased infiltration of macrophages and neutrophils, which in turn may increase angiogenesis and correlate with poor prognosis [86, 87] ; in other cases, inflammatory infiltration of lymphocytic/monocytic cells can actually inhibit tumor growth [88] . Conversely, blocking inflammation can be associated with the stimulation of cancer [1, 89, 90] . Both inhibition and activation of the NF-κB protein complex can promote carcinogenesis [91] [92] [93] . Inflammation in the tumor bed can then either stimulate or inhibit tumor growth [90, 94, 95] . Thus, pharmacological modulation of inflammation in cancer treatments must be evaluated with the notion that inflammation may be a double-edged sword in this field.
Lipid autacoids in cancer
It has been recognized that tumor growth is a complex process involving many cell types. The intercellular communication that takes place between these cells is conducted by an array of soluble factors such as proteinaceous growth factors and chemokines, vascular endothelial growth factor (VEGF), FGF 2 , TGF-β, TNF-α, IL-1, and oxygen free radicals [96] . Little attention has been paid to small-molecule mediators such as lipid autacoids, whose role in cancer has only recently emerged. Given that a tumor consists of both cancerous and noncancerous cells, the role of autacoids in tumor growth can be separated by their direct effects on neoplastic growth and their effects on endothelial, inflammatory, and other stromal cells.
The pro-inflammatory prostaglandins and leukotrienes directly induce epithelial tumor cell proliferation, survival, migration, and invasion in an autocrine and paracrine manner [1] . Lipid autacoids, such as PGE 2 and LTB 4 , stimulate both epithelial cells and stromal cells to produce VEGF and FGF-2 (Fig. 2) . These angiogenic growth factors induce COX-2, and in turn PGE 2 and PGI 2 , in endothelial cells, creating a feedback loop [1, 97] . Other studies have linked eicosanoids to stromal inflammation in epithelial ovarian cancer [98] . The levels of eicosanoid metabolites, such as PGE 2 , 5-HETE, and 12-HETE, increase progressively from patients with benign pelvic disease to those with epithelial ovarian cancer. This demonstrates the involvement of lipid autacoids in the inflammatory environment of cancer [98] . However, the role of lipid autacoids derived from the CYP eicosanoid pathway remains poorly characterized in cancer.
HETEs effects on the vasculature and inflammation
LOX-derived HETEs inhibit apoptosis, stimulate angiogenesis, and enhance the proliferation and migration of cancer cells [60] . 20-HETE, the principal metabolite of the CYP ω-hydroxylation pathway, is a pro-inflammatory mediator that markedly stimulates the production of inflammatory cytokines/chemokines in endothelial cells, including interleukin-8 (IL-8), IL-13, IL-4, and prostaglandin E 2 [99] . 20-HETE stimulates the activation of the NF-κB and MAPK/ERK pathways, which suggests that HETE's proinflammatory effect may be mediated by the central inflammatory pathway of NF-κB [99] .
In addition to its pro-inflammatory activity, 20-HETE has pro-angiogenic activities including the stimulation of endothelial cell proliferation, migration, and cell survival [100] [101] [102] [103] . 20-HETE has an important role in VEGFdependent angiogenesis [104] (reviewed in [103] ). While VEGF seems to be the primary mediator of 20-HETEinduced endothelial cell proliferation, inhibition with a VEGF antibody does not completely abrogate the mitogenic effect of 20-HETE [100] . This suggests that other pathways are involved in 20-HETE-mediated angiogenesis [100] .
The pro-angiogenic factor FGF-2 can activate cytosolic phospholipase A 2 (the enzyme which releases arachidonic acid from cell membranes) in endothelial cells [105] . Thus, FGF-2 can increase arachidonic acid production, potentially stimulating CYP4A and the production of 20-HETE [103] . Also, the overexpression of CYP4A1, which increases 20-HETE production, results in an increased neovessel formation [106] .
HET0016, a selective inhibitor of CYP4A, suppresses the formation of 20-HETE at a concentration <10 nM and has no effect on epoxygenase, cyclooxygenase, or lipoxygenase activity at concentrations up to 1 μM [6, 107] . HET0016 inhibits VEGF-induced endothelial cell proliferation in vitro and corneal neovascularization in vivo when administered locally with pellets containing VEGF [102] . When administered locally into the cornea, HET0016 inhibited tumor-induced (U251 glioblastoma cells) angiogenesis by 70% [102] . Furthermore, the administration of the stable 20-HETE agonist, 20-hydroxyeicosa-6(Z),15(Z)-dienoic acid (WIT003), induced mitogenesis in endothelial cells and corneal neovascularization in vivo [102] . These studies provide experimental evidence that inhibiting 20-HETE may offer a strategy to reduce pathological angiogenesis not only in tumors but also in angiogenic diseases such as diabetic retinopathy, macular degeneration, and chronic inflammatory diseases such as psoriasis [102] . However, in these studies, it was not determined whether the cornea or endothelial cells produced 20-HETE; therefore, further studies are needed [108] .
In the systemic circulation, 20-HETE produced by vascular smooth muscle cells acts as a vasoconstrictor [6] . However, in pulmonary arteries, 20-HETE contributes to the VEGF-induced relaxation of the lungs [109] . VEGF is a nitric oxide (NO)-dependent dilator of systemic arteries and plays a key role in maintaining the integrity of the pulmonary vasculature [109] .
20-HETE effects in cancer
The role of LOX-derived and CYP-derived HETEs in cancer biology has been extensively reviewed by Moreno [60] . In 2008, U251 glioblastoma cells were genetically altered (transfected with rat CYP4A1 cDNA) to increase the formation of 20-HETE [110] . This stimulated tumor cell proliferation in culture. When these U251 glioblastoma cells were implanted into the brain of rats, a tenfold increase in tumor volume versus animals receiving mocktransfected U251 cells was observed [110] . In contrast to the strategy to increase 20-HETE, Guo et al. [108] demonstrated that HET0016 significantly inhibited human U251 glioblastoma cell proliferation in a dosedependent manner. HET0016 inhibited the phosphorylation of the epidermal growth factor receptor (EGFR) and the subsequent phosphorylation of p42/p44 MAPK [108] . While U251 cells expressed CYP4A11 mRNA and protein, HPLC and mass spectrometry analysis of U251 cells revealed that they did not appear to synthesize 20-HETE [108] . Thus, HET0016 has other effects independent of suppressing 20-HETE. Subsequently, the same group demonstrated that 9L gliosarcoma proliferation and tumor growth in rats were suppressed by HET0016 [111] . Systemic administration of HET0016 inhibited the tumor growth of 9L gliosarcomas by 80% and tumor angiogenesis by roughly 50%. In a separate study, HET0016 and a 20-HETE antagonist (WIT002) both inhibited the proliferation of a renal adenocarcinoma. This cell type expressed CYP4F isoforms and produced 20-HETE [112] . Recent studies show that CYP ω-hydroxylase (via CYP4A11 transfection of tumor cells) promoted angiogenesis and metastasis associated with an increase of VEGF and MMP9 in nonsmall cell lung cancer cells [113] .
Little is known about 20-HETE in cancer patients. In one study, 12-HETE and 20-HETE concentrations were shown to be elevated in the urine of patients with benign prostatic hypertrophy and prostate cancer as compared with normal subjects [114] . Further analysis did not establish a correlation between the concentrations of HETEs and PSA level, gland size, or tumor grade [114] .
EET signaling in angiogenesis
EETs are mainly secreted by endothelial cells and play critical roles in cellular proliferation, migration, and inflammation [8, 50] . The EET-producing enzymes of the CYP2C and CYP2J subfamilies have been found in endothelial cells in vitro and in vivo [7, 17] . EETs may act in an autocrine fashion on the endothelium inducing vasodilatory and anti-inflammatory effects in blood vessels [9] . As a result of these effects, EETs lower blood pressure and protect the myocardium and brain from ischemia [28, 70] .
The initial finding that linked EETs to angiogenesis was shown by the increased proliferation of cerebral capillary endothelial cells in vitro by culture media from astrocytes [18] . In contrast, an inhibitor of cytochrome P450, 17-octadecynoic acid (17-ODYA), suppressed the formation of capillary tubes in a co-culture of astrocytes and endothelial cells. Both EETs secreted by astrocytes and synthetic EETs stimulated endothelial cell proliferation, tube formation, and angiogenesis in a Matrigel plug in vivo [18, 115, 116] .
Angiogenesis is critically dependent on endothelial cell migration [117] . The development of synthetic EETs has provided insight into the angiogenic functions and pathways of the various EETs. For instance, EETs have been shown to promote endothelial cell migration via eNOS, MEK/MAPK, and PI3-K [19] . Another optimal assay to evaluate angiogenesis is the chick chorioallantoic membrane assay, which uses the chorioallantoic membrane (CAM) of a chicken embryo [118] . Michaelis et al. [119] employed this assay to demonstrate that 11,12-EET stimulates vessel formation. Importantly, this CAMmediated angiogenesis was suppressed by either an EGF receptor-neutralizing antibody or an inhibitor of the EGF receptor. Thus, 11,12-EET may stimulate angiogenesis through the activation of the EGF receptor [119] .
Several pathways have been implicated in 11,12-EETand 14,15-EET-mediated angiogenesis. Sphingosine kinase-1 (SK1) is one important mediator of 11,12-EET-induced angiogenic effects [120] . The expression of a dominantnegative SK1 or knockdown of SK1 by siRNA inhibited 11,12-EET-induced endothelial cell proliferation, migration, tube formation, and Matrigel plug vessel formation [120] . The availability of these synthetic EETs has made it possible to evaluate another regioisomer, 14,15-EET. 14,15-EET was shown to induce angiogenesis through several pathways, including Src, PI3K/Akt signaling in parallel with mTOR-S6K1 activation, and Src-dependent STAT-3-mediated VEGF expression [121, 122] .
Other groups have studied CYP 450-derived metabolites utilizing the strategy of overexpressing CYP epoxygenases. This system inhibited endothelial cell apoptosis through the activation of a PI3K/Akt pathway [123] . This overexpression of CYP epoxygenases, including CYP2J2, increased muscle capillary density in a rat ischemic hind limb model [19] . Thus, CYP 450-derived metabolites may stimulate the development of collateral circulation in ischemic tissue [19] . While most investigators have focused on 11,12-EET and 14,15-EET, Pozzi et al. [17] identified 5,6-EET and 8,9-EET as pro-angiogenic lipids. These regioisomers increased blood vessel density and formed functionally intact vessels in a subcutaneous sponge model in mice. This neovascularization was enhanced by the co-administration of a soluble epoxide hydrolase inhibitor which elevates the levels of EETs [17] . This study corroborates the critical role that EETs plays in angiogenesis.
It is known that hypoxia stimulates angiogenesis via transcriptional VEGF induction, a response that is mediated by the hypoxia-inducible factor-1α (HIF-1α) [124] . It was shown by the Fleming laboratory that a state of hypoxia also stimulates CYP2C8 and CYP2C9 expression [7, 125, 126] . Consistently, the putative EET receptor antagonist, 14,15-EEZE, inhibited hypoxia-induced endothelial tube formation. This study showed that the angiogenic effect of EETs is partially dependent on HIF-1α-mediated VEGF induction [127] . This may have implications in cancer beyond angiogenesis since HIF-1α can provide growth and survival advantages to tumor cells, especially under metabolic stress [90] .
The effects of EETs and VEGF regulation are closely intertwined. EETs can enhance the effects of VEGFinduced angiogenesis [128] . In turn, VEGF can increase the CYP2C promoter activity in endothelial cells and induce the expression of CYP2C8, resulting in increased intracellular EET levels [128] . The putative EET receptor antagonist, 14,15-EEZE, inhibits VEGF-induced endothelial cell tube formation. However, 14,15-EEZE does not affect the VEGF-induced phosphorylation of its receptor or FGF-2-stimulated tube formation. In a parallel study, CYP2C44 epoxygenase appears to be an important component in the VEGF signaling pathway [129] . For example, in cultured lung endothelial cells that express VEGFinducible Cyp2c44 epoxygenase, resulting in increased levels of 11,12-EET and 14,15-EET, angiogenesis was stimulated in vitro. Taken together, these studies suggest that the pro-angiogenic activity of EETs is mediated, at least in part, by VEGF [128, 129] .
EETs and inflammation
Pioneering studies from the Hammock laboratory demonstrate that soluble epoxide hydrolase is a therapeutic target for inflammation [5, 130] . In contrast to COX/LOX inhibitors, which directly inhibit the production of pro-inflammatory mediators, soluble epoxide hydrolase inhibitors promote the formation of pro-resolution mediators such as lipoxin A 4 [130] . Soluble epoxide hydrolase inhibitors such as 12-(3-adamantan-1-yl-ureido)-dodecanoic acid butyl ester (AUDA-BE) stabilize anti-inflammatory EETs, which indirectly reduces the expression of COX-2, 5-LOX, iNOS, and VCAM-1 [131, 132] . AUDA-BE decreases the protein expression of COX-2 without altering COX-1 expression and decreases inflammatory eicosanoid levels in lipopolysaccharide-challenged mice [131] . When AUDA-BE was used in combination with low doses of indomethacin, celecoxib, or rofecoxib, PGE 2 concentrations were reduced. Thus, soluble epoxide hydrolase inhibitors synergize with NSAIDs and COX-2 inhibitors in suppressing inflammation [131] .
The administration of a soluble epoxide hydrolase inhibitor in a mouse colitis model resulted in decreased ulcer incidences [132] . Based on the anti-inflammatory effects of soluble epoxide hydrolase inhibitors, one may expect these agents to have anticancer effects based solely on their anti-inflammatory activity. Also, the inhibition of EPHX2 (epoxide hydrolase 2) in vitro induced cancer cell apoptosis, decreased androgen receptor signaling, and potentiated the anti-proliferative of the anti-androgen flutamide for prostate cancer treatment [133] . However, soluble epoxide hydrolase inhibitors exhibit pro-angiogenic activity [17] . Since tumor growth is angiogenesisdependent [79] , soluble epoxide hydrolase inhibitors may have a biphasic effect on tumor growth.
Cytochrome P450 epoxygenases and cancer
Recent studies have associated CYP epoxygenases with cancer; however, the role of EETs in cancer remains poorly characterized [11] . Although two decades ago 14,15-EET was shown to stimulate mesangial and renal epithelial cell proliferation [134, 135] , only in the last 5 years has evidence supporting cytochrome P450 epoxygenases as a potential tumor-promoting enzyme begun to emerge [136] . The role of CYP2J2 epoxygenase in cancer was first shown by Jiang et al. [136] . In this study, CYP2J2 was upregulated in 77% of human carcinoma tissues and eight different human carcinoma cell lines [136] . Furthermore, the transfection of tumor cells with CPY2J2 epoxygenase enhanced tumor cell proliferation, prevented tumor cell apoptosis, and increased tumor growth [136] . CYP2J2 is also highly expressed in malignant hematological cell lines and promoted xenograft tumor growth in leukemia models [137] .
Subsequent studies from the Wang laboratory in which CYP epoxygenase levels were manipulated, by either overexpression of CYP2J2 or antisense in the xenotransplanted tumor cell, suggest that EETs may play a role in cancer metastasis [12] . In these studies, the overexpression of CYP2J2 or the addition of synthetic EETs in vitro induced cancer cell migration and invasion. Recombinant adeno-associated viral vector (rAAV)-CYP2J2-infected human breast carcinoma cells resulted in 60% more lung metastases. Additional metastases in the liver and bladder were found only in the CYP2J2-transfected group. Lung metastasis was prevented by infection with an antisense rAAV-CYP2J2 vector [12] . Treatment of carcinoma cells in vitro with exogenous EETs or the overexpression of CYP2J2 resulted in an increase in metalloproteinases (MMP-9) and CD44 expression and decreased CD82 and nm-23 expression [12] . Metalloproteinases are activated by EETs in cancer cells and lead to the EET-induced transactivation of EGFR, which subsequently releases the proangiogenic factor HB-EGF in cancer cell lines [138] .
EETs also appear to be important for cancer cell survival. Further studies from the Wang laboratory show that specific inhibitors of CYP2J2 related to the drug terfenadine decrease human tumor cell proliferation, adhesion, migration, and invasion. These inhibitors also activate caspase-3, enhance human tumor cell apoptosis, and inhibit murine xenograft tumor growth [139] . Reduced levels of 14,15-DHET accompanied the antitumor effects of CYP2J2 inhibitors. Since there were no overt signs of toxicity, CYP2J2 inhibitors may have therapeutic efficacy in the treatment of cancer. Often it is difficult to distinguish a direct effect on tumor cells versus an effect on stromal processes. It is likely that both mechanisms synergize to account for the potential pro-tumorigenic activity of EETs.
There are few pharmacological studies using drugs which can nonspecifically affect EETs and PPARα. PPARα is a ligand-activated transcription factor and a target of the fibrate family of anti-hyperlipidemic drugs [14, 140] . In one study conducted by Pozzi et al. [14] , mice treated with PPARα ligands exhibited a reduction of tumor growth, vascularization, plasma EETs, hepatic EET biosynthesis, and CYP2C epoxygenase expression. The tumor cellsuppressive effect of the PPARα ligand WY-14643 in vitro was abrogated when EETs were added to the culture [14] . Further studies by Pozzi et al. [16] showed that the antitumorigenic properties of PPARα are epoxygenasemediated. The activation of human PPARα downregulates the expression of endothelial cell CYP2C9 epoxygenase. In a mouse xenograft model of tumorigenesis, disruption of host Cyp2c44 epoxygenase suppressed tumor growth and vascularization [16] . This Cyp2c44 epoxygenase is a target of the antitumor effects of PPARα ligand activation [16] .
PPARα ligands are also potent inducers of sEH in rodents [141] , further accentuating the suppression of net EET production. PPARα itself may underlie the reduction of EETs by PPARα ligand activation. PPARα-responsive elements have not been found upstream of the human EPHX2 [142] . Thus, the correlation of tumor suppression and the decrease of EETs in response to PPARα treatment as well as the known angiogenic activity of EETs strongly suggest a causal-mechanistic connection, namely, that EETs act as a key mediator of the anti-tumor and antiangiogenic effects of PPARα. Wray and Bishop-Bailey [143] have detailed the link between epoxygenases and PPARs in vascular biology. Interestingly, EETs as well as the activation of PPARα and PPARγ result in the inhibition of endothelial cell proliferation, migration, and inflammation. Cytochome P450 eicosanoids can bind to and activate PPARα [144] . Linking CYP2J2 and epoxygenases was demonstrated by Wray et al. by showing that the epoxygenase CYP2J2 activates PPARα in vitro and in vivo and that the CYP2J2 products 8,9-and 11,12-EET activate PPARα [143, 145] .
The family of PPAR receptors has attracted interest as a potential target for anticancer therapy due to their antiproliferative, pro-apoptotic, and pharmacological accessibility. We found that the PPARα agonist, fenofibrate, dramatically suppressed tumor growth through the inhibition of angiogenesis and the tumor-supporting inflammatory process [140] . Therefore, these drugs, which were originally developed as anti-inflammatory agents, may be used for cancer treatment. Based on our studies [14, 140] , a multi-institutional phase II clinical trial testing the efficacy of PPARα-activating drug (fibrates) in combination with oral anti-angiogenesis drugs against recurrent/progressive pediatric cancers is currently being evaluated [146] .
EETs have been detected in both normal and brain tumor tissue [147] . In a separate study, two mechanistically different synthetic inhibitors of cytochrome P450, 17-ODYA and miconazole, significantly reduced tumor size and capillary formation in intracranial glial tumors and prolonged the survival of treated rats [147] . Interestingly, these inhibitors had no effect on EETs in the tumor tissue, suggesting that the tumor endothelium may be the target of these CYP inhibitors [147] . It has recently been reported that EET antagonists inhibit prostate carcinoma cell motility [148] . This may represent a novel mechanism of EET antagonists acting directly on the tumor cell [148] .
Several CYP epoxygenases have been detected in tumor cells in vitro and in vivo, supporting the potential role of EETs in cancer (Fig. 3) . For instance, CYP2C8, CYP2C9, and CYP2J2 were recently shown to be expressed in three prostate carcinoma cell lines (PC3, DU-145, and LNCaP) [148] . In these studies, no consistent correlation between mRNA expression, protein expression, or EET concentrations was found. Another epoxygenase, CYP2C11, was shown by Zagorac et al. [147] to be upregulated in cerebral brain tumors of rats. In addition to tumor cells, Pozzi et al. [17] showed that CYP epoxygenases are also expressed in the tumor stroma. For example, Cyp2c44 epoxygenase is expressed in the tumor vessels of a xenograft model of human non-small cell lung cancer in mice. Furthermore, CYP2C9 epoxygenase was recently found to be selectively expressed in the vasculature of human renal tumors [16] . These findings open the possibility that EETs may act as a trophic factor for both tumor stroma and parenchyma.
Recombinant human CYP3A4 can generate EETs from arachidonic acid [61] . Recent studies by Mitra et al. [149] show that CYP3A4 epoxygenase promotes the growth of estrogen receptor-positive breast cancer cells, in part through the biosynthesis of 14,15-EET. CYP3A and CYP2C8, but not CYP2J2, promoted breast cancer growth in these studies. Similarly, the overexpression of CYP3A4 increased cancer cell growth of hepatocarcinoma, which was inhibited by the addition of the putative EET receptor antagonist, 14,15-EEZE [61] . Both of these studies suggest that CYP3A4 can increase cancer cell growth [149, 150] . Other studies show that esophageal cancer cell proliferation is in part mediated by CYP2C9 in an 11,12-EET-dependent fashion [151] .
In earlier clinical studies, 14,15-EET levels were detected in the urine samples of patients with benign prostatic hypertrophy and prostate cancer in comparison to normal volunteers. Interestingly, after the removal of the prostate gland in prostate cancer patients, the urinary concentration of 14,15-EET did not decrease. These data suggest that the origin of the 14,15-EET was not the prostate gland but another source [114] .
Whether the levels of CYP epoxygenases are dependent on isoenzyme or tumor type remains up for debate. CYP2C expression is increased in metastatic liver tissues compared with normal liver tissue [152] . Enayetallah et al. [153] analyzed three cytochrome P450 epoxygenases (CYP2C8, CYP2C9, and CYP2J2) and sEH in human malignant neoplasms. CYP2C9 was the most abundantly expressed epoxygenase. Both CYP2C8 and CYP2C9 were expressed in human malignant neoplasms such lung adenocarcinoma, breast ductal carcinoma, colon adenocarcinoma, basal cell carcinoma, bladder transitional cell carcinoma, ovarian adenocarcinoma, endometrial carcinoma, and adenocarcinoma of the prostate [153] . In contrast, CYP2J2 staining was not detected in pancreatic or prostate adenocarcinoma. Furthermore, CYP2J2 expression was detected in <50% of lung squamous cell carcinoma (SCC) samples and in <15% of lung adenocarcinoma samples [153] . These results showing that CYP2J2 can be underexpressed were confirmed by Leclerc et al. [154] showing that CYP2J2 was underexpressed in all of their SCC samples. Three other CYP epoxygenases (CYP2C8, CYP2C9, and CYP2C19) were also underexpressed in SCC [154] . It has been suggested that this decrease in arachidonic acid epoxidation in certain tumors may allow arachidonic acid to be metabolized to the other eicosanoids [154] .
CYP2J2 was almost undetectable in breast cancer and did not correlate with tumor grade or estrogen status [155] . In these studies by Murray et al., of the 21 cytochrome P450s whose expression in breast cancer was profiled, the highest expression was that of CYP2S1, CYP4X1, and CYP3A4. In contrast, previous studies have shown a moderate expression of CYP2J2 in breast cancer [153] . The expression of CYP2C8 in esophageal adenocarcinoma was downregulated fivefold compared with para-cancerous tissue. In other studies in renal carcinoma, cytochrome P450 arachidonic acid epoxygenase activity was markedly reduced in the tumor tissues and decreased in tumor cells [156] . Consequently, the inconsistent overexpression and underexpression of CYP epoxygenases in tumors makes it difficult to understand the biological significance of these enzymes in cancer. This variability must be examined in the wider context of the complex metabolic pathways of lipid autacoids.
The expression of sEH, the main metabolizing enzyme of EETs, has been investigated in cancer. Loss of sEH has been reported in hepatocellular carcinoma and hepatoma cells [157, 158] . Enayetallah et al. [153] further confirmed that sEH can be downregulated in renal and hepatic tumors, in principle increasing the levels of EETs in the tumor tissue. These studies support a potential role for EETs in cancer due to its metabolizing enzyme being downregulated. The authors here suggested that the loss of sEH expression may result in an increase of cancer-promoting EETs versus "anti-carcinogenic" isoprenols, with a resulting effect of carcinogenesis [153] . However, the expression of sEH can also be upregulated in other cancers. sEH expression was increased in seminoma, cholangiocarcinoma, and advance ovarian cancer when compared with normal tissues or early-stage cancer [153] . sEH is a multifunctional protein encoded by the EPHX2 (epoxide hydrolase 2) gene [142] . EPHX2 was expressed at the same level in both clinical prostate cancer samples and normal prostate samples [133] . EPHX2 also correlated with androgen receptor mRNA in clinical prostate cancer samples. EPHX2 has been identified as a candidate metastasis suppressor gene in breast cancer [159] . In preliminary studies on human tissues, sEH expression was increased in ulcerative colitis, ulcerative-induced dysplasia, and ulcerative colitis-induced carcinoma [132] . As in the case of CYP epoxygenases, there is no consistent finding in the expression of sEH in tumors. According to the rationale that the elevation of EETs in tissues promotes tumor growth, sEH would be expected to be downregulated in tumors-which is observed only in certain tumors. More studies will be needed to reveal whether a potential increase of EETs or tumor sEH expression is associated with a particular tumor type or cancer stage.
There is another aspect to consider about CYP expression in cancer. CYP 2C8 metabolizes drugs such as paclitaxel (Taxol), tamoxifen, and other chemotherapy agents [160] ; therefore, genetic polymorphisms in the CYP2C8/9 gene may affect cancer survival. Polymorphisms in human CYP2C8 have been identified, and it decreases the metabolism of paclitaxel and arachidonic acid [161] . Recent studies have shown that genetic polymorphisms in CYP2C8 and CYP2C9 influence disease-free survival of breast cancer patients [162] . The CYP2C8*3 allele was associated with early breast cancer-related events in women treated with tamoxifen. However, other studies showed that CYP2C8 and CYP2J2 were not associated with overall survival in breast cancer [155] . These studies did correlate CYP3A4 and CYP2S1 with breast cancer survival [155] . Furthermore, a genetic polymorphism of CYP2C19 is associated with susceptibility to biliary tract cancer [163] . There are several polymorphisms in the gene for sEH (EPHX2) that affect sEH enzymatic activity and coronary artery disease [164, 165] . Further studies are required to determine whether these populations are at altered risk of cancer.
Outlook
Many classes of drugs which were originally found to target inflammation and cardiovascular diseases have been discovered to play an important role in cancer biology. This appears to also be the case with cytochrome P450-derived metabolites of arachidonic acid, the epoxyeicosatrienoic acids (EETs) and hydroxyeicosatetraenoic acids (HETEs), in particular 20-HETE. These eicosanoids may be involved in cell-autonomous tumor survival and growth as well as in promoting stromal processes that support tumor progression. As much as classical mediators of inflammation, such as prostaglandins, have received new attention as targets in cancer treatment, the EETs should be evaluated as potential targets in cancer therapy. The known synthesis (CYP expoxygenases) and degradation pathway (soluble epoxide hydrolase) of EETs offer pharmacologically accessible lever points to control the cellular and circulating levels of EETs. However, the role of EETs in cancer is still poorly characterized in part because of their biochemical complexity. The isolation of the EET receptors will be critical to understand the molecular mechanisms of the potent protumorigenic activity of EETs in cancer. This could advance the field similar to the discovery of multiple prostaglandin E 2 (PGE 2 ) receptors [166] . The increasing availability of research tools, such as novel synthetic agonists and antagonists, as well as enzyme inhibitors, offer a reasonable platform for dissecting the role of EETs in cancer. Clearly, much work lies ahead if we are to unravel the molecular, cellular, and biological mechanisms of EETs in cancer. This review not only describes the many important findings to date from several laboratories but also reveals large gaps in our knowledge. Thus, rather than providing a unifying answer, it may hopefully inspire further research.
